wall contains a significant amount of charged proteoglycans, which are inhomogeneously distributed, with the greatest concentrations in the intimal and medial layers. The hypothesis of this study is that the transmural distribution of proteoglycans plays a significant role in regulating residual stresses in the arterial wall. This hypothesis was first tested theoretically, using the framework of mixture theory for charged hydrated tissues, and then verified experimentally by measuring the opening angle of rat aorta in NaCl solutions of various ionic strengths. A three-dimensional finite element model of aortic ring, using realistic values of the solid matrix shear modulus and proteoglycan fixed-charge density, yielded opening angles and changes with osmolarity comparable to values reported in the literature. Experimentally, the mean opening angle in isotonic saline (300 mosM) was 15 Ϯ 17°and changed to 4 Ϯ 19°and 73 Ϯ 18°under hypertonic (2,000 mosM) and hypotonic (0 mosM) conditions, respectively (n ϭ 16). In addition, the opening angle in isotonic (300 mosM) sucrose, an uncharged molecule, was 60 Ϯ 16°(n ϭ 11), suggesting that the charge effect, not cellular swelling, was the major underlying mechanism for these observations. The extent of changes in opening angle under osmotic challenges suggests that transmural heterogeneity of fixed-charge density plays a crucial role in governing the zero-stress configuration of the aorta. A significant implication of this finding is that arterial wall remodeling in response to altered wall stresses may occur via altered deposition of proteoglycans across the wall thickness, providing a novel mechanism for regulating mechanical homeostasis in vascular tissue. zero stress; glycosaminoglycans; vascular mechanics IT HAS BECOME WIDELY RECOGNIZED that vascular tissue supports a self-equilibrating internal residual stress in the unloaded intact state (16). The presence of significant residual stress is most notably demonstrated by the tendency of rings of the arterial wall to open when cut radially (8, 49) . From a biomechanical standpoint, residual stresses (and the associated residual strains) play a key role in the identification of an appropriate "zero-stress" reference configuration and hence impact the definition of mechanical stresses and strains in the tissue (8, 23, 34) . From a physiological standpoint, knowledge of the mechanisms underlying acute and chronic changes in residual stress are also required for understanding how growth and remodeling influence the mechanical homeostasis in vascular tissue (22, 30, 32, 46, 47) .
IT HAS BECOME WIDELY RECOGNIZED that vascular tissue supports a self-equilibrating internal residual stress in the unloaded intact state (16) . The presence of significant residual stress is most notably demonstrated by the tendency of rings of the arterial wall to open when cut radially (8, 49) . From a biomechanical standpoint, residual stresses (and the associated residual strains) play a key role in the identification of an appropriate "zero-stress" reference configuration and hence impact the definition of mechanical stresses and strains in the tissue (8, 23, 34) . From a physiological standpoint, knowledge of the mechanisms underlying acute and chronic changes in residual stress are also required for understanding how growth and remodeling influence the mechanical homeostasis in vascular tissue (22, 30, 32, 46, 47) .
Although the functional importance of cardiovascular residual stresses is reasonably well accepted (22, 38) , identifying the specific mechanisms underlying their existence remains an area of active investigation. One theory suggests that residual stresses result from elastic deformations required to ensure kinematic compatibility in the presence of local tissue growth (41) . Others have shown that residual stress is strongly dependent on heterogeneity of material properties across the vessel wall (48) . Although the dissolving of collagen has no effect on opening angle (17) , elastin appears to be partially responsible for residual stresses in arteries (43) , although more recent reports have challenged this finding (54) . Rapid changes in opening angle have been shown to occur as a result of changes in bathing solution osmolarity, purportedly due to swelling of the cellular component of the left ventricular (29) or aortic (20) vessel wall. However, in another study, destroying smooth muscle cells by freezing had no effect on arterial opening angle (17) . Regional variations of opening angle (31) and elastic modulus (19) with anatomic location have also been reported. In summary, no explicit mechanism has been described to date that can explain how these residual stresses might be induced and why they might vary along the length of arteries such as the aorta.
In contrast, in the field of cartilage mechanics, it has long been known that residual stresses arise from the Donnan osmotic pressure, which results from the presence of negatively charged proteoglycans enmeshed within the collagen matrix (28, 33) , and curling behavior similar to that shown in arterial wall segments has been observed, consistent with the evolution of residual stresses due to changes in the tissue's ionic environment (45) .
Indeed, the arterial wall contains a substantial amount of proteoglycans (56, 57) , which are inhomogeneously distributed across the wall, showing a greater concentration in the intimal and medial layers than in the adventitia. From these observations, we hypothesize that the transmural distribution of proteoglycans plays a significant role in regulating the residual stresses in the arterial wall. This hypothesis is first tested theoretically, to determine whether realistic values of material properties of the arterial wall and charge density of the proteoglycans can predict opening angles in the range observed in the prior literature. It is then tested experimentally by performing osmotic loading experiments on the excised rat aorta and measuring changes in the opening angle. A counterhypothesis, that the opening angle may be regulated by osmotic swelling of vascular smooth muscle cells, rather than Donnan swelling resulting from the extracellular proteoglycans, is also tested by replacing charged membrane-impermeant osmolytes with uncharged ones; from experimental findings, this is found to play only a minor role.
THEORETICAL ANALYSIS
The theoretical framework for analyzing residual stresses resulting from negatively charged proteoglycans in a tissue bathing in a binary electrolyte solution of monovalent salt ions is the triphasic theory of Lai et al. (28) . For simplicity, only the equilibrium response to changes in the ionic environment is considered here. The basic premise of the theory is that the total Cauchy stress
is the sum of the hydrostatic fluid pressure (p) and the effective (or elastic) stress in the solid matrix (T e ); I is the identity tensor. Under equilibrium conditions, when the solid and fluid velocities have reduced to zero, p reduces to the Donnan osmotic pressure (36) ,
where p* is the ambient pressure in the external bath (henceforth taken to be zero, p* ϭ 0), c F is the proteoglycan fixed-charge density, c * is the external bath salt osmolarity (c * ϭ 2c*, where c* is the salt concentration), R is the universal gas constant, and is absolute temperature. This relation assumes that the interstitial fluid and external bath solutions (water solvent and electrolytes) are ideal, although it can be easily formulated for real solutions with the introduction of nonunity activity and osmotic coefficients (1, 28, 36) . From the equation of conservation of mass for the solid matrix, c F is kinematically related to the solid matrix relative volume change (J ϭ detF) via
where F is the deformation gradient of the solid matrix, and c 0 F and 0 w are the fixed-charge density and water content in the strain-free reference configuration. For a hyperelastic solid matrix, the general form of the elastic stress is
where C ϭ F T F is the right Cauchy-Green deformation tensor and W(C) is a strain energy density function dependent on the particular choice of constitutive relation for the solid.
The governing equation to solve for the equilibrium swelling response is the conservation of momentum for the mixture,
Because p is dependent on J according to Eqs. 2 and 3 and T e is a function of C, Eq. 5 can be solved for the unknown solid displacement (u), given that F ϭ I ϩ Gradu, on the suitable application of displacement and traction boundary conditions, u* and t* ϭ Tn, respectively, where n is the outward normal to the surface.
An examination of these equations shows that the strain-free reference configuration can be achieved under traction-free boundary conditions when the external bath is strongly hypertonic (c * 3 ϱ). Under this hypertonic state, the Donnan osmotic pressure difference between the tissue's interstitial fluid and the external bath reduces to zero according to Eq. 2, so that Eq. 5 reduces to T e ϭ 0. In the absence of residual stresses resulting from mechanisms other than osmotic swelling, this equation produces T e ϭ 0 and C ϭ I under tractionfree boundary conditions (t* ϭ 0). That is, residual stress and opening angle (i.e., deformation) should approach zero in the limit as fixed-charge effects are neutralized by a very hypertonic bathing solution.
FINITE ELEMENT ANALYSIS
A custom three-dimensional finite element program was written to solve these equations under finite deformation. It is noteworthy that these equations are very similar to those of classical finite elasticity theory, which facilitates the finite element implementation considerably. Whereas the stress tensor in classical elasticity would be given only by T e in Eq. 4, the swelling analysis requires the use of T in Eq. 1, where the dependence of p on J is given in Eqs. 2 and 3. Similarly, the spatial elasticity tensor is given by Cϭ⌸ϩC e (6) where
is the spatial elasticity tensor for the solid matrix and
is the tensor of the osmotic modulus, which results in part from the change in osmotic pressure with change in tissue volume (1, 4) . 1 Note that this finite deformation formulation of the osmotic modulus is more general than the small-strain analysis reported in our earlier study (1) .
For ideal solutions, the expression of Eq. 2 can be combined with the general expression of Eq. 3 to yield
For consistency with experimental stress-strain data from mouse aorta at low lumen pressure (19) , a neo-Hookean constitutive relation is selected for the solid matrix (2, 3) ,
where B ϭ FF T is the left Cauchy-Green deformation tensor and s and s are Lamé-like material constants for the solid matrix. To explore whether the choice of constitutive relation significantly influences the outcome of the analysis, a Fung-type exponential constitutive relation was also considered (11, 50) , specialized to isotropic symmetry for simplicity,
where
In this constitutive relation, s and s are similarly Lamé-like material constants and c is an additional elastic modulus (with units of force per area) that regulates the exponential rise.
In the special case when a tissue has homogeneous solid matrix properties and fixed-charge density and is subjected to traction-free boundary conditions (no displacement constraints), it is straightforward to show that the deformation gradient may be given by F ϭ I, where is the stretch ratio representing the uniform, isotropic swelling of the tissue under various external bath osmolarities (c *). In the case of the neo-Hookean constitutive model, must satisfy
In this special case, the opening angle of a cut aortic ring would be zero, since the resulting residual stresses would be homogeneous.
A three-dimensional finite element mesh of a ring of tissue from a rat aorta was created using average dimensions from the experimental results: 1.92 mm outer diameter, 0.137 mm wall thickness, and 1.09 mm slice thickness. From symmetry considerations, only one-quarter of the ring was modeled; 1,387 nodes and 240 20-node triquadratic brick elements were used in this finite element analysis. The wall thickness was divided equally into five layers of elements. The fixed-charge density in the strain-free reference configuration was prescribed at c 0 F ϭ 40 meq/l in the intima and media (first and second layers through the wall thickness), 0 meq/l in the adventitia (fourth and fifth layers), and 20 meq/l in a transition zone (third layer); this magnitude of the fixed-charged density was based on measurements previously reported in the literature (37) , whereas the distribution across the arterial wall thickness was based qualitatively on histological slides from this study (see below).
The water content in the reference configuration was uniformly set at 0 w ϭ 0.7 (22) . For neo-Hookean and Fung constitutive models, a shear modulus s ϭ 140 kPa was prescribed throughout the arterial wall (11), with s ϭ 0. This value of s implies that the equilibrium Poisson ratio under free-draining and hypertonic loading conditions is zero; however, the tissue as a whole is incompressible under hydrostatic pressurization or in the short-term response to loading (2) . In addition, for the Fung exponential model, a value of c ϭ 140 kPa was selected to produce a modest rise in stiffness with increasing tensile stretch. The external bath concentration was varied from a hypertonic state (c * ϭ 4,000 mosM) to a hypotonic state (c * ϭ 2 mosM) using 30 logarithmic increments. Because subsequent experiments were run at room temperature, the absolute temperature in the computational analysis was set to 298°K.
Variations in this baseline model were also examined, as described in RESULTS.
EXPERIMENTAL MATERIALS AND METHODS
All animals received humane care, and the procedures used were approved by the Columbia University Institutional Animal Care and Use Committee. The experimental study consisted of examining changes in the opening angle of radially cut aortic rings in response to alterations in the ionic strength or osmolarity of the external bath. Adult male Sprague-Dawley rats (Taconic Farms, Germantown, NY) were euthanized by CO 2 narcosis (n ϭ 2) or anesthetized by isoflurane (n ϭ 2), and the entire length of the thoracic aorta was isolated after midsternal thoracotomy. The vessel was allowed to equilibrate in cold PBS for 30 min and subsequently dissected into 8 -10 rings (n ϭ 37 rings total, from the 4 rats), which were randomly distributed among the different testing protocols described below to prevent bias with respect to anatomic location and placed into isotonic saline (300 mosM NaCl). This and all subsequent bathing solutions were supplemented with 4 M cytochalasin D (Sigma, St. Louis, MO) to eliminate active cell contraction. Solution osmolarity was verified with a freezing point osmometer (model 3D3; Advanced Instruments, Norwood, MA). Each ring was radially cut and imaged under a dissecting microscope every 10 min throughout the experimental protocol described below. The opening angle was measured by an operator blinded to the osmotic condition, using the angle tool in the public domain image processing software ImageJ (http://rsb.info.nih.gov/ij).
After 60 min in isotonic saline, some of the samples (n ϭ 8) were placed into hypotonic (0 mosM) solution for a 30-min osmotic challenge. Samples were then moved back to isotonic solution for another 30-min period, then transferred into a hypertonic (2,000 mosM NaCl) bath for 30 min, and finally returned to isotonic solution for 30 min. To test reversibility, the converse protocol was also performed with different samples (n ϭ 8) equilibrated in isotonic solution (60 min) and then first osmotically challenged hypertonically (30 min), returned to isotonic conditions (30 min), then challenged hypotonically (30 min), and finally returned back to isotonic conditions (30 min).
The media and intima are highly cellularized tissues. It is well known that isolated cells change significantly in volume in response to osmotic loading with a plasma membrane-impermeant osmolyte (55) . Thus a potential confounding factor is that changes in the opening angle observed in response to osmotic challenge with NaCl may be due to in situ cellular dilatation in the media and intima, rather than swelling of the charged extracellular matrix. To separate these effects, a second osmotic challenge protocol was devised using isotonic solution of charged NaCl and a solution of uncharged sucrose of equal osmolarity. Both NaCl and sucrose are membrane-impermeant osmolytes (over the time scale of the experiments conducted here), but only the electrolytic NaCl can influence the Donnan osmotic pressure in the charged extracellular matrix. Therefore, switching from isotonic saline to isotonic sucrose would produce no change in opening angle unless proteoglycans play an important role. A more detailed rationale for distinguishing the effects of cellular osmotic swelling from extracellular Donnan osmotic swelling is provided in DISCUSSION. In this second protocol, radially cut aortic ring samples (n ϭ 11) were moved from 300 mosM NaCl to 300 mosM sucrose and back and then moved to 0 mosM NaCl and back to isotonic to compare the dilatory effects of sucrose and hypotonic solution.
To validate the fixed-charge density presumed in our finite-element model, mean glycosaminoglycan (GAG) content in the rat thoracic aorta was quantified using the 1,9-dimethylmethylene blue (DMMB) dye binding assay as previously described (15) . Briefly, 2-to 3-cm aortic samples from six additional Sprague-Dawley rats were isolated and padded dry for ϳ60 s until all external water was removed. Samples were then weighed on an ultrasensitive digital scale (M220-D; Denver Instrument, Denver, CO) for their wet weight and subsequently lyophilized for 72 h to obtain dry weight and total water content. After samples were weighed, the dried tissue was then digested with papain for 24 h and assayed for GAG content with DMMB using chondroitin-6-sulfate as the standard (15, 44) .
Finally, a separate set of untested intact aortic rings from a similar anatomic location was fixed in 3.7% formaldehyde in PBS, dehydrated in steps, and embedded in glycol methacrylate resin (Tehnovit 7100; Kulzer, Wehrheim, Germany). Rings were sliced into 5-m sections on a microtome and stained with hematoxylin and eosin for cell and tissue structure and with Safranin-O for GAG distribution.
All results are presented as means Ϯ SD. We used the software SuperANOVA (Abacus Concepts, Berkeley, CA) for statistical analyses of opening angle results from each stage of the osmotic loading protocol for individual tissue samples, via multivariate repeatedmeasures ANOVA, so that each aortic ring effectively served as its own control. Single-factor ANOVA was used to examine the interaction effect of loading history for the two converse osmotic challenge protocols. Post hoc analysis was based on the least squares means, with Bonferroni correction for multiple pair-wise comparisons. Significance was accepted at the 95% confidence level.
RESULTS

Theoretical analysis.
A rendering of the cut aortic ring geometry at selected external bath osmolarities is shown in Fig.  1 for the baseline model configuration, using the neo-Hookean constitutive relation for the solid matrix. Finite element results show that a ring, which is initially closed, has an opening angle of 5°at 2,000 mosM, 37°under isotonic conditions (300 mosM), and 206°under hypotonic conditions (2 mosM). A plot of the opening angle vs. c * for all 30 increments of the finite element analysis is presented in Fig. 2 ; below c * ϭ 20 mosM, the opening angle remains nearly constant; above c * ϭ 100 mosM, the linear variation on a log-log scale, with a slope of Ϫ1, implies an inverse relation between the opening angle and the osmolarity.
Variations from the baseline configuration show that, all else being equal, the opening angle increases with increasing fixedcharge density or decreasing shear modulus ( Fig. 2A) . In addition, the opening angle is affected by the geometry of the aortic ring such that it increases with thinner arterial walls or larger arterial diameters (Fig. 2B) . The opening angle also increases with thinner slices, although only under hypotonic conditions (not shown). Using the isotropic Fung-type exponential strain energy function rather than the neo-Hookean form had a negligible impact on the predicted effect of osmolarity on opening angle, producing no greater than a 9% difference relative to the baseline results presented in Fig. 2 .
Experiments. Histological analyses confirmed the heterogeneous distribution of fixed-charge density as determined from Safranin-O staining, with the highest proteoglycan content observed in the media and intima as identified from hematoxylin and eosin staining (Fig. 3) . A total of 37 aortic rings were obtained from four animals (n ϭ 8, 9, 10, 10 from each rat), which were distributed among different osmotic loading pro- Fig. 1 . Geometry of the cut aortic ring at selected external bath osmolarities (c *; in mosM), from the finite element analysis. Only one-quarter of the geometry was modeled, due to symmetry. Results from the DMMB assay yielded a GAG content of 1.37 Ϯ 0.23% per dry weight of tissue. The water content was measured at 58 Ϯ 9%, yielding a GAG per wet weight of 0.58 Ϯ 0.17%. With two negative charges and a molecular weight of 513 g/mol per chondroitin sulfate isomer, these results yielded a fixed-charge density of c F 42 Ϯ 19 meq/l via the formula c F ϭ GAG charge number GAG molecular weight ϫ GAG mass water volume (16) This reported value of c F represents an average across the entire thickness of the aortic wall. From the GAG distribution across the wall (Fig. 3) , it can be estimated that c F is approximately twice this average value in the intima and media and nearly zero in the adventitia.
Sample images of a representative aortic ring (Fig. 4A) in the unloaded state and after a radial cut and 30-min exposures to hypotonic (c * ϭ 0 mosM), isotonic (c * ϭ 300 mosM), and hypertonic (c * ϭ 2,000 mosM) solutions clearly show substantial decreases in opening angle with increasing solution osmolarity, consistent with the above finite element model results. Average data (n ϭ 8 per protocol) throughout the time course of the two converse osmotic challenge protocols described in EXPERIMENTAL MATERIALS AND METHODS (Fig. 4B) demonstrate several key features of the experiment. First, the opening angle equilibrates to a new value well within the first 10 min of exposure to each 30-min osmotic challenge. Second, the opening angle returns to a reproducible reference configuration when exposed to isotonic saline at multiple time points during the experimental protocol. Third, symmetry of the two converse protocols revealed that the opening angle is essentially independent of the osmotic loading history. That is, the angle change due to hypotonic loading was not significantly affected by whether it occurred before or after hypertonic loading, and the same was true for the angle change due to hypertonic loading.
To analyze the results of the above experiments, opening angle measurements were averaged from the three 10-min time points in each loading cycle for each aortic ring. Furthermore, because the loading history effects were insignificant (P Ͼ 0.55), results from the two converse protocols were combined for analysis. The opening angle was 15 Ϯ 17°(n ϭ 16) at the 60-min equilibrium point and exhibited similar variability at other bath concentrations (Fig. 5) , which is mainly attributed to regional heterogeneity with anatomic location along the length of the aorta (31) .
As illustrated in Fig. 5 , the opening angle during saline osmotic challenge experiments was 73 Ϯ 18°for hypotonic solution (n ϭ 16) and 4 Ϯ 19°for hypertonic saline (n ϭ 16), both of which were significantly different (P ϭ 0.001 and 0.002, respectively) compared with results shown with isotonic saline conditions and each other (P ϭ 0.001). In the second group of aortic rings (Fig. 6) , when isotonic NaCl solution was replaced with isotonic sucrose, the mean opening angle changed from 12 Ϯ 20°to 60 Ϯ 16°(n ϭ 11), which was significant (P ϭ 0.001). Opening angle on these same rings became 80 Ϯ 8°u nder hypotonic conditions, which was a small but significant increase compared with isotonic sucrose (P ϭ 0.001). Although the percent variabilities were relatively large, the consistent trends in opening angle during the osmotic challenges were clear when the samples were visualized individually (Fig.  5A and Fig. 6A) .
Two separate control groups that were left in 300 mosM isotonic NaCl, either with or without 4 M cytochalasin D, had mean opening angles of 13 Ϯ 24°and 10 Ϯ 25°(n ϭ 5 per protocol) at the end of the 60-min equilibrium period. These samples, which were kept under isotonic conditions for the entire 180-min duration of the experiment, showed no significant variations in opening angle with time, such that the overall average change in opening angle was Ϫ2.1 Ϯ 1.5°with cytochalasin D and 0.8 Ϯ 1.6°without (data not shown). These changes were not statistically significant compared with zero, and cytochalasin D was found to have no effect on the opening angle over the observed time period.
DISCUSSION
The hypothesis of this study is that the transmural distribution of proteoglycans plays a significant role in regulating the residual stresses in the arterial wall. These residual stresses are hypothesized to arise from the fixed-charge density of the proteoglycans, which induce a Donnan osmotic pressure relative to the external environment. With an inhomogeneous distribution of these proteoglycans through the wall thickness, the Donnan osmotic pressure would also vary through the wall thickness, and the resulting inhomogeneous swelling stress of the solid matrix significantly influences the opening angle observed experimentally.
The first aim of this study was to verify from theory that the hypothesized mechanism could indeed explain the opening angle observed experimentally. Using the triphasic theory of Lai et al. (28) and representative values of the shear modulus of the rat arterial wall (11) and proteoglycan fixed-charge Fig. 5 . Saline osmotic challenge. A: opening angle data for individual aortic ring samples (n ϭ 16) obtained during 30-min exposures to hypertonic saline (2,000 mosM NaCl), isotonic saline (300 mosM NaCl), and hypotonic solution (0 mosM NaCl). B: mean opening angle (ϮSD) corresponding to data in A. *P Ͻ 0.002 vs. isotonic saline; **P Ͻ 0.001 vs. hypotonic solution. Fig. 6 . Sucrose challenge. A: opening angle data for individual aortic ring samples (n ϭ 11) obtained during 30-min exposures to isotonic saline (300 mosM NaCl), isotonic sucrose (300 mosM sucrose), and hypotonic solution (0 mosM NaCl). B: corresponding mean opening angle (ϮSD) increased significantly when rings were moved from isotonic saline to isotonic sucrose (*P Ͻ 0.001 vs. isotonic saline). There was a small but significant difference between isotonic sucrose and hypotonic solution (**P Ͻ 0.001).
density (37) , it was confirmed that this hypothesized mechanism could readily yield opening angles in the range of experimental values previously reported in the literature (Fig. 1) . Indeed, in the finite element simulations, large variations could be obtained in the opening angle under isotonic conditions, by varying the magnitude of the fixed-charge density in the intima and media. Changing the shear modulus or geometry of the ring also influenced the opening angle (Fig. 2) .
In particular, the theoretical analysis indicated that varying the ionic strength of the bathing environment could produce large changes in the opening angle (Fig. 2) , thereby suggesting a similar experimental design for verifying this hypothesis. In fact, a similar experiment was recently reported in which increasing osmolarity caused a decrease in aortic opening angle (20) , although this was attributed to cellular volume changes, which is inconsistent with our findings as discussed below. It is important to recall that the theoretical analysis would not predict changes in the opening angle when the fixed-charge density is uniformly distributed across the wall thickness; in that case, the only effect of changing the ionic strength of the external bath would be to produce uniform swelling or shrinking of the aortic ring, according to Eq. 15.
In the second component of this study, histological sections of the rat arterial wall confirmed that the fixed-charge density of the proteoglycans is confined primarily to the intima and media (Fig. 3) , consistent with earlier studies (9, 56) . These proteoglycans are synthesized by vascular smooth muscle cells and endothelial cells (5, 7, 25) ; their glycosaminoglycans include the negatively charged chondroitin sulfate, dermatan sulfate, and heparan sulfate (24, 26, 27) . The chondroitin sulfate can form large proteoglycans called versican (57) , which can aggregate with hyaluronan (13) . These biochemical and histological characterizations confirm the presence of an inhomogeneous distribution of fixed-charge density across the arterial wall, which is a necessary condition for the hypothesis of this study to be correct. Biochemical analysis of GAG content in the rat aorta yielded values of the fixed-charge density comparable to those reported by Porterfield et al. (37) in thoracic and abdominal segments of chicken aortas, which were used in our finite element analysis. The GAG content of rat aorta, 0.58% per wet weight, is ϳ10 times smaller than in human and animal articular cartilage (35) .
In the third part of this study, experimental measurements of the opening angle of rat aorta under various bathing solution concentrations of NaCl confirmed the theoretical prediction that the opening angle should increase with decreasing salt concentration (Figs. 1 and 5) . From the theoretical analysis, this response can be explained by the concomitant increase in swelling pressure in the intima and media, as predicated by Eq. 2, which produces a higher swelling strain on the inner region of the aortic ring and causes it to open up when radially cut. On first consideration, this result alone might seem sufficient to confirm the hypothesis of this study. However, because the media and intima are highly cellularized and because the cell membrane is nearly impermeable to Na ϩ and Cl Ϫ , there remains the possibility that the observed response to osmotic loading with various concentrations of NaCl can be the result of volume changes due to water uptake or loss from the cell cytoplasm, as suggested by Guo et al. (20) , rather than chargerelated Donnan osmotic swelling.
By using neutrally charged sucrose as an alternative osmolyte, which is known to be plasma membrane impermeant (6) , it was possible to test the counterhypothesis that the observed change in opening angle resulted from in situ cell swelling, independent of extracellular charge effects. According to this counterhypothesis, osmotic loading of the aortic ring with NaCl and sucrose solutions of equal osmolarities should produce no change in the opening angle, since both should have the same effect on the cell volume. However, when transferring samples from 300 mosM NaCl to 300 mosM sucrose, opening angle was observed to increase very significantly, reaching a mean value within 20°of that obtained with 0 mosM hypotonic solution (Fig. 6 ). This result implies that most of the change in opening angle (ϳ70%) resulted from charge effects in the extracellular matrix; the small but significant increase from isotonic sucrose to 0 mosM hypotonic solution reflects the contribution of cellular swelling.
From these observations, it is concluded that the inhomogeneous proteoglycan distribution across the aortic wall thickness is a significant contributor to the observed residual stress, thereby confirming the hypothesis of this study. This finding is significant because it provides a clear mechanistic explanation for this residual stress, based on Donnan osmotic swelling theory. It is believed that residual stress in the arterial wall acts to produce a more uniform wall stress distribution when the artery is subjected to physiological internal hydrostatic pressures (8, 22) , a condition that is thought to play a role in this tissue's mechanosensory feedback for achieving homeostasis (16) . Alterations in luminal blood pressure or flow may disturb this equilibrium condition, and the finding of this study suggests that cells may respond to the resulting altered stress environment by modifying proteoglycan synthesis or degradation, either changing its total content or its distribution across the wall.
This mechanism may be further exacerbated in disease, as suggested by evidence that atherosclerotic plaque has a very high proteoglycan content (14, 40, (51) (52) (53) . Indeed, the hardening of atherosclerotic arteries can be attributed in part to the increased stiffness imparted by proteoglycans (18) , as represented by the osmotic modulus ⌸ in Eqs. 6 and 9. These equations also explain the acute decrease in elastic modulus with increasing osmolarity, c *, recently reported by Guo et al. (20) , and reveal this to be an apparent change due to Donnan osmotic swelling rather than an intrinsic change in the material properties of the tissue solid matrix. Even long-term remodeling of arteries under hypertension was shown to be accompanied by heterogeneous clustering of proteoglycans in the subendothelial and medial layers, resulting in as much as a 164% increase in chondroitin sulfate expression (39) . Indeed, it has been observed that the opening angle is higher in aortic rings with visible atheroma (43) , consistent with the hypothesis of this study. A recent study looking at multiple single nucleotide polymorphisms in the versican gene found significant associations between such mutations and intracranial aneurysm formation in humans (42) . More recently, Heegaard et al. (21) showed that biglycan deficiency in transgenic mice results in aortic dissection and rupture leading to spontaneous death. Our hypothesis coupled with such studies linking cardiovascular disease with charged proteoglycans and vessel biomechanics motivate further investigation of the role of proteoglycans in such pathologies. It should also be noted that our hypothesis is not limited to cardiovascular biomechanics but may be applicable to any tissues that exhibit inhomogeneous proteoglycan distributions and residual stress.
The results of this study do not imply that residual stresses in the rat aorta can be entirely attributed to nonuniform Donnan osmotic swelling. If this were true, the opening angle should have reduced to zero under hypertonic conditions, whereas individual aortic samples had hypertonic opening angles ranging from ϩ30°to Ϫ30° (Fig. 5A) . Moreover, preliminary studies using an alternate LBNF 1 rat strain (Harlan, Indianapolis, IN) yielded systematically larger opening angles than in Sprague-Dawley rats (hypertonic 66 Ϯ 22°, isotonic 88 Ϯ 26°, hypotonic 130 Ϯ 16°; n ϭ 15 slices from 2 LBNF 1 rats), although the relative changes in opening angle due to osmotic loading were similar to those shown in the present study. One possibility is that proteoglycans contribute an entropic osmotic pressure, which cannot be entirely alleviated under hypertonic conditions, as observed in measurements of chondroitin sulfate solutions in various osmolarities of NaCl (4, 12) . This explanation remains a distinct possibility, although it is expected that entropic effects should be smaller for proteoglycans enmeshed within a solid matrix than in free solution, and this would not explain the observation of negative opening angles in some cases. Therefore, understanding the role of alternative mechanisms that can contribute to residual stress, such as nonuniform growth (41) or heterogeneity of material properties (48) , and the underlying reason for the apparent differences in opening angle between rat genetic strains requires further investigation.
It may be argued that an alternative approach for assessing the role of proteoglycans on residual stresses might have used enzymatic degradation to remove them by chemical means. Although this argument is attractive, preliminary studies in our laboratory suggest that treatment with chondroitinase ABC (which degrades chondroitin and dermatan sulfate), hyaluronidase, and heparinase is insufficient to reduce the fixed-charge density to negligible levels, as assessed from histology (data not shown). Furthermore, because residual stresses could only be obtained via heterogeneous distribution of fixed-charge density, a protocol that might lead to homogeneous degradation of proteoglycans, even if significant, might not result in a comparable reduction of opening angle. Although we did not use an exhaustive battery of degradative enzymes or protocols to reach a conclusive outcome on this matter, evidence from articular cartilage biochemistry suggests that nearly complete removal of proteoglycans requires the additional use of trypsin. In the case of the aorta, trypsin would degrade elastin and collagen, potentially confounding the outcome, as other studies have shown that chemical degradation of elastin reduces the opening angle of the aorta (17) . Therefore, until a suitable biochemical protocol is found for selectively degrading most proteoglycans in the arterial wall, it may be argued that the osmotic loading protocol adopted in this study provides a more reliable assessment of the role of proteoglycans on residual stress.
In summary, this study proposed and verified the hypothesis that proteoglycans contribute significantly to residual stresses in the arterial wall, by producing an inhomogeneous Donnan osmotic pressure across the wall thickness. This hypothesis was validated from both theory and experiments. A significant implication of this finding is that vascular cells could regulate arterial wall development, growth, and remodeling in response to altered wall stresses via altered deposition or degradation of proteoglycans across the wall thickness, hence modifying the zero-stress state of the tissue. An interesting corollary hypothesis, which remains to be tested, is whether the variation in opening angle along the length of the aorta is significantly correlated with the local amount and distribution of proteoglycans.
